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By Harold H. Swebsrg and Richard C. Dingeldein
SUMMARY

The results of measuremsnts in the Langley full~scale
tunnel of the maximum 1ift cpoefficients and stalling
characteristics of alirplanes have been collected. The
~data have been analyzed to show the nature of the effects
on maximum 1lift and stall of wing geometry, fuselages
and nacelles, propeller sllpstream, surface roughness,
and wing leading-edge appendages such as ducts, armament,
tip slats, and airspeed heads. Comparisons of full-scale-
tunnel and flight measuremsnts of maximum 1ift and stall
are included in some casés and the sffects of the 4dif-
ferent testing techniques on the maximum~1ift measure-
ments are also given.

The results indicated that large improvements in
the maximum 1ift and stalling charactsristics of air-
planes can be obtained by careful attention to detail
design. Surface roughness, wing leakage, and the
improper location of ducts, armament, and slats at the
leading edge of a wing have been found to cause serious
losses in the maximum 1ift coefficient of an alrplane.
Wings having high taper ratios and large amounts of
sweepback have been shown to he subguct to poor stalling
charactzristics bscause they are susceptible to tip
stalling. The proner combinations of washout and changes
in camber and wing thickness from root to tip with tapsr
will usually produce satisfactory stalls on wings subject
to tip stalling. A comparison of full-scdle~tunnel and
flight measurements of the maximum 1ift coefficient of
an airplane showed that satisfactory agreement may be
obtained if the comparison is made under similar test
conditions, such as Reynolds number, slipstream, and
time rate of change of angle of attack.
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2 CONPIDENTTAL NACA ACR No. L5c2l
INTRODUCTION

A considerable amount of data have been obtained
relative to the maximum 1lift coefficients and the
stalling characteristics of the military airplanes and
mock-ups testéed -in the Langley full-scelé tunnel, The
results of these tests, which have been reported sepa-
rately, have been iIncorporated in the present report to
facilitate the use of the data by airplane designers.

The data include, mainly, 1ift curves and tuft
surveys for each sirplane in the service condition and
as modified in various ways in attempts to improve the
maximum 1ift and the stalling characteristics. The
effects of wing geometry, such as taper and sweep, are
shown with the effects of propeller operation, Reynolds
number, and other characteristics of the testing
techniques. The effects on maximum 1ift and stall of
adding irregularities, such as nacelles, guns, cooling
ducts, and alirspeed heads, to the wing surfaces are also
shown., Flight observations of the stall were avallable
for some of the alrplanes and have been included in the
discussion with an analysls of the differences between
wind-tunnel and flight results. The increments of 1ift
coefficient due to split and slotted flaps as calculated
from the results of tests in two-dimensional flow are
compared with the increments obtained from these flaps
when installed on the airplanes,.

ATIRPLANES AND EQUIPMENT

Pertinent descriptive-.data for thé airplanes tested
are given in table I and in the three-view drawings of
figure 1. Photographs of the airplanes and mock-ups
mounted in the Langley full=3dcale tunnel are prasedted as.
figure 2, Most of the airplanes and mock-ups are shown
in the condition as received at the Langley Full=-scale
tunnel (designated service condition); a few are shown
in various stages of mddification as described .in:
figure 2.

The Langley full-scale..bunnel and. its”equtpmanh“are-
descrlbed in reference 1,

COWFIDENTIAL



NACA ACR No, LsC24 CONFIDENTIAL
METHODS AND TESTS

The stall was investigated by noting the behavior
of numerous wool tufts, approximetely 3 inches long,
attached to the upper wing surfaces of the airplsanes.
Violent fluctuations and reversals of the flow direction
of the tufts indicated separstion of the air flow from
the wing surface, In some instances the tufts were
attached, at various heights above the wing surfaces, to
light masts in order to obtain a more pogitive indicsation
of sepsration, The use of masts was found to be par-
ticulsrly desireble on wings having lows~drag airfoil
sections and large amounts of sweepback since, in these
cases, the boundasry-laeyer flow caused the gurface tufts
to change direction and appear stalled before sctual
seperation occurred,

The behavior of the tufts was studied over a range
of angle of attack above and below the angle of maximum
1ift. Tor severel of the airplenes, observations were
made with the landing flaps retracted and deflected and
with the propellers removed ond operating at various
thrust coefficients, In each case, force measurements
were made of the variation of 1ift with angle of attack
to supploment visual snd photographic obassrvetions of
the wool tufts., The eangles of sttacl: shown in the
figures refer, in every crze, tc the angle of the wing
root chord line with the free-stream direction.

Most of the measurements were made at tunnel alir-
speeds of approximately 60 miles per hour; a few tests
werec made at slightly lower airspeeds, In order to
indicate the efflect of varietion in Reynolds number,
measurements were made for some of the airplanes over
en approximste ranze of tunnel velocity from 20 to
100 miles per hour,

Force readings were teken for one of the sirplanes
(airplane 18) at rezular intervals while the angle of
sttack wns being changed at a constant rate in order
to obtain o comperison with flight meosurements of
maximum 1ift coefficlent. The rate of chenge of angle
of atteck per secand for these tests was veried
between 0.025° and 0,200°,

The usuel wind-tunnel jet+boundary and blocking
corrections have been applied to all the data,

CONFIDENTIAL



Iy CONFIDENTIAL NACA ACR No. L5502l
RESUZTS AND DISCUSSION

The results of measuremsnts of maximum 1ift coef-
ficlents and stalling characteristics of 18 airplanes
tested in the Tangley full-scale tunnel are summarized in
the following sections. 1In most cascs the results are
given for the alrplanes with landing flaps retracted
and with landing flaps fully extended. The data are
grouped in the first five sections to show the charac-
teristic effects on maximum 1ift and stall of wing
geometry, fuselages and nacelles, propeller slipstrean,
surface roughness and leakage, and wing leading-edge
appendages, Tn the final sections, comparisons are made
of the increments of 1ift coefficient due to split and
slotted flaps and of wind-tunnel and flight measurements
of maximum 1ift coefficients of alirplanes.

Wing Geometry

Conventional plan forms.- 3tall progressions for
airplanes with untwisted wings of different taper ratios
(airplenes 13, 12, and 8) are presented in figure 3 for
landing flaps retracted and fully deflected. Although
theze data are given Tor complete alirplanes with
fuselages and nacelleg but with propellers removed,
the results show trends generally characteristic of the
effects of wing taper ratio on the progression of the
stall.

With the landing flaps retracted (fig. 3{(a)), local
areas of separation appeared on airplane 1% (wing taper
ratio, LL:+1) at the wing trailing edge near the fuselage
and behind oil-cooler outlets located just outboard of
each nacelle for relatively low angles of attack; the
main stall, however, started at the wing tips and pro-
gressed inboard with increasing anszle of attack. Theo-
retical studies (references 2 to i) show that, for plain
untwisted wings of high taper ratio, the section 1lift
coefficients are highest near the wing tip and these
sections should therefore be the first to approach
maximum 1ift, Tip stall is further precipitated on
highly tapered wings by *the spanwise variation of
section Reynolds number [(reference 1Y, TFor airplans 13,
the Reynolds number of the tip sections is thus about
one-fourth that of the root sections and the tip sec-
tions tend to stall first.
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Owing to the losg in alleron effectiveness and
damping in roll usually associlated with wing-tip stall,
several methods have been devised for moving the location
of the initial stall inboard., These methods, which
include washout, central sharp leading edges, leading-
edge tip slats, and increases in camber from root to tip,
are discussed in detail in reference l.. A backward
movement of the maximum camber of the wing sections fronm

root to tip will also generally improve the stall (refer-
ence H)

Stalling characteristics for an airplane with a
wing of low taper ratio (alrplane 12), for which
N = 1,48, are shown in figure 3%(a). Tor this airplane,
stall initially occurred at the wing root and progressed
outboard with increasing angle of attack but did not
include the wing tips for the range of angle of attack
tested. Unlike highly tapered wings, the section 1ift
coefficients are highest at the root for wings with low
taper ratio. High section 1ift coefficients at the
root, together with the interference effect of the
fuselage, should cause the stall to occur iInitially at
the root sections for. alrplanes with wings of low taper
ratio., The Reynolds number effect previously dlscussed
for the highly tapered wing is relatively unimportant
for wings of low taper ratio.

Airplane 8, which has a wing with elliptical chord
distribution, exhibited stalling characteristics some-
where between those for an airplane with a wing of high
taper ratio and those for an alrplane with a wing of low
taper ratio. Stall initially occurred at the root section
but, as the angle of attack was increased, the wing tips
began to stall. PFurther increases in angle of attack
caused the two regions of stall to merge at about one-
third of the semispan inboard from the wing tips.

Extending the landing flaps to meximum deflection
for airplasnes 13, 12, and 8 produced the stall progres-
sions shown in figure 3(b). For all three airplanes,
flap deflection generally tended to "clean up" the inboard
sections of the wing. No small areas of separation
appeared at the wing tralling edge nsar the root
section of airplane 1% and the stall progressions
for airplanes 12 and & showed that, at similar angles
of attack below the angle of maximum 1ift, smaller
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6 CONFIDENTTAL NACA ACR No. L5C2l

portions of the wings of these three alirplanes were
stalled with flaps deflected than with flaps retracted.

A particularly undesirable condition near the
meximum 1ift coefficient was exhibited by airplane 8
with the landing flaps deflected. A rapid increase in
the area of separation with a change of only 1° in angle
of attack was observed and the 1ift decreased rapidly
with small increases in angle of attack above the angle
of maximum 1ift (fig. 3(b)), Flight observations of
the stalling characteristics of this airplane with flaps
extended showed a strong tendency for the airplane to
ground-loop to the left in the three-~point attitude. A
brief study of this condition in flight, with the aid of
tufts attached to the wing surfaces, indicated that an
asymaetrical stalling of the wing occurred at the time
the ground-locoping tendency developed,

The exact nature of the effects of flap deflection
on the stalling characteristics of airplanes is not well
defined, Flight observations of a large number of air-
planes tested in the United States and in England (refer-
ences 5 and 6) have indicated that flap deflection
either improved or aggravated the stall in about an equal
number of cases., Flap deflection generally tends to
aggravate the stall by increasing the upwash over the
outer unflapped parts of the wing and by cleaning up
the area of separation at the root. On the other hand,
the handling characteristics of an airplane 1in flight
near the stall may be 1lmproved by flap deflection if
the flap wake envelops the tail at angles of attack
near the stall and thus produces a stall warning elther
by tail buffeting or by a rapid change in trim due to
the loss in tail effectiveness,

Stall progressions for three typical present-day

pursuit airplsnes having twisted wings of low-drag
irfoil sections (airplanes 1, 2, and %) are shown in

figure li. The taper ratio and washout of the wings of
these three alirplanes are nearly the same. (See
table I for wing details.) The stalls are strikingly
similar; separation begins, in each case, at the wing-
fuselage juncture and progresses outboard along the
rearward portion of the wing with increasing angle of
attack. The stalling characteristics of these air-
planes, as interpreted from the tuft observations, are
probably good. Although airplane % shows a rapid loss
in 1ift after the stall, no serious trouble should be
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encountered by the pilot inasmuch as the root-section
stall should provide adequate warning of the approach
of CL

m

Swept-back wings.- The effect of sweepback on the
stalling behavicr 1s illustrated in figure 5 by tuft
observations for airplanes 9 and 10, According to the
tuft observations, these airplanes should have poor
stalling characteristics, The control surfaces of
alrplane 9 are stalled at an angle of attack well below
that for "y . For airplane 10, the initial stall

“max
occurred at the wing tips and the area of separation
spread rapidly inboard along the wing trailing edge
with increasing angle of attack, In both cases, the
alr flow over the upper wing svrfaces near the trailing
edge, prior to stalling, was toward the wing tips.

The spanwise location of the initial stall on a
swept-back wing is primarily dependent on the spanwise
flow of the boundary layer on the suctlion surface
(reference 7)., On a swept-back wing, the surface
pressure gradients sweep the slower moving air of
the boundary layer toward the tip. The thicker boundary
layer near the tip tends to stall the wing first in
that region., Inasmuch as the trailing edge of the
wing of alrplane 10 has a greater amount of sweepback
than that of airplane 9, the surface pressure gradlents
between chordwise sectlons near the trailing edge of
the wing of airplane 10 are stronger than the pressure
gradients on airplane 9. The flow toward the wing tip
and the wing tip stall should therefore be more pro-
nounced on airplane 10 than on alrplane 9 and figure 5
shows that such is the case,

Fuselagss and Nacelles

The addition of a fuselage and nacelles to a wing
frequently introduces centers of local separation that
may reduce the maximum 1ift of the airplane but will
usually improve the handling characteristics of the
alrplane near the stall. When the flow separates from
the inner sections of the wing, the downwash at the
tail is reduced and a nose-down pitching moment results,
which tends to decrease the areas of senaration. Further-
more, the wakes from the wing-fuselage juncture and the
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nacelles may cause a stall warning by redﬁcing the
effectiveness of the tail or by producing tall buffeting.

The effects of fuselages and nacelles on the maxi-
mum 1ift and stalling characteristics of two models of
four-engine airplanes (airplanes 13 and 1ly) are shown
in figures 6 and 7. Figure 6 shows 1lift curves and
stall progressions for airplane 13 with the landing
flaps retracted and deflected 60.8° for the wing alone,
for the airplane with outboard nacelles off, and for
the complete airplane. With the landing flaps retracted
(fig. 6(a)), the stall progression for the wing alone
wag characteristic of a highly tapered untwisted wing.
The addition of the fuselage and two inboard nacelles
caused local arecas of separation to appear at the
trailing edge of the wing adjacent to the fuselage
and behind the nacelles and oil-cooler outlets prior
to the main stall, which started at the wing tips.

When the outboard nacelles were added to the model,
additional stalled areas, which were particularly
noticeable behind the oil-cooler outlets, appeared at
the lower angles of attack. Flap deflection (fig. 6(b))
generally cleaned up the inboard sections of the wing.
As for the case with the flaps retracted, the addition
of the outboard nacelles with the landing flaps
deflected 60.8° reduced the Clax ©OFf the airplane and

caused premature areas of separation behind the oil-
cooler outlets near the outboard nacelles, Tuft
observations of airplane 13 in flight (unpublished)
showed stall patterns very similar to those observed
in the wind tunnel. The power-off stalls, as observed
by the pilot, were characterized by a relatively slow
roll-off and small angles of roll., Adequate stall
warning was given by a decrease in the effectiveness
of the elevators and rudder and by a relatively large
change iIn the required control movement, The stall
patterns were practically the same with the landing
flaps up or down and with the landing gear up or down.

Stall progressions and lift curwves for a model of
a large flying boat (airplane lh) are shown in fig-
ures 7(a) and 7(b) for landing flaps retracted and
deflected 559, respectively. For the wing alone with
flaps retracted, stall initially occurred at the center
section, The area of separation spread outboard along
the flaps with increasing angle of attack and merged
with the tip stall, which started after the maximum
1ift coefficient had been reached. Although this wing
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would be expected to stall first at the tips because

of its high taper ratioc (M = 3.35), root stall occurred
first, probably because the th¢ck NACA 2302, airfoil
sectwon at the root has a lower maximum section 1ift
coefficient than the NACA 25009 section at the tip at
the test Reynolds number, Addition of the fuselage to
the wing delaved the stall about 2° and increased the
maximum 1ift coefficient about 0.10, With four nacelles
added to the wing, local areas of separation occurred
directly behind the nacelles at relatively low angles
of attack, The maximum 1ift coefficient of the modsl
with the nacelles on, however, was about 0.06 higher
than with the nacelles removed and is attributed to

the increased effective wing area due to the nacelles.

Deflecting the landing flaps 55° for the wing-
alone condition (fig. 7(b)) resuvlted in essentially
the same stall pastierns as observed with the flaps
retracted, except that the stalled areas over the
unflapped portions of the wing were slightly larger
for corresponding angles of attack owing to the
induced upwash over those ssctions. For the complete
alrplane, deflecting the flaps 55° removed the local
areas of separation behind the nacelles that were
observed with the flaps retracted and also increased
the area of separation near the wing tips. No ‘data
were avallable for the alrplane with nacelles removed
and flans deflected.

Propeller Slipstream

‘The large changes in the stalling characteristics
of airplanes that result from propeller operation are
usually attributed to the separate effects of the
increased axial velocity within the slipstream and of
the slipstream rotation. The increased velocity within
the slipstream tends to clean up the inboard sections
of the wings by increasing the local Reynolds number
and thus delaying separation along the sections directly
behind the propeller. The robtation within the slipstream
increases the effective angle of attack of the wing
section behind the upgoling propeller blades and decreases
the effective angle of attack of the wing section behind
the downgoing proveller blades. An asymmetrical stall
pattern is thus produced. In addition to these effects,
the downwash behind an inclined propeller tends to reduce
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the effective angles of attack of the sections behind the
propeller and thereby delays the occurrence of stall.

The effects of propeller operation on the stalling
characteristics of airplane 6 are shown in figure 8.
With the propeller removed, the stall progression with
angle of attack wasg fairly similar for both wings; with
the propeller operating at a thrust coefficient T,

of 0, however, the wing section behind the upgoing
propeller blades stalled at a considerably lower angle
of attack than the wing section behind the downgeing
propeller blades. Increasing T, to 0.2 decreased
the asymmetry of the stall that was measured at T, = O,
owing to the fact that the Increased slipstream velocity

had a greater effect than the increased slipstream
rotation.

FPlight measurements of the stalling characteristics
showed that airplane 6 developed a serious left-wing
dropping tendency during power-on landings. In order to
check these results, measurements were made of the vari-
ation of rolling-moment coefficient with angle of attack
of the airplane with the propeller removed and operating.
The results of these measurements are given in figure §.
With the propeller removed, the rolling-moment coeffi-
cient of the airplane was essentially independent of
angle of attack; with the propeller operating at
T, = 0.2, however, the rolling-moment coefficient

changed slowly from -0.008 at a = 8° to -0.02; at

a = 17.0° (angle of maximum 1ift). Above a = 17.0°

a sharp increase in rolling-moment coefficient, which
would be sufficient to cause serious rolling instability
during power-on landings, occurred.

In an attempt to improve the power-on stalling
characteristics of airplane 6, a sharp leading edge was
installed on the right wing as shown in figure 10. The
results of tuft observations and 1ift and rolling-
monent measurements made with the sharp leading edge
installed on the wing are also shown in figure 10. 1In
general, the sharp leading edge should considerably
improve the stalling characteristics of the airplane,
inasmuch as the asymmetry of the stall pattern at high
angles of attack was decreased and the large variation
of rolling-moment coefficient with angle of attack was
e¢liminated. The maximum 1ift coefficient of the
airplane, however, was reduced from 2.3%30 to 1.88 vy
the sharp leading edge.
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The effects of the proneller slipstream on the
maximum=-1ift and stalling characteristics of airplane 16
with the flaps retracted are shown in figure 11, With
the propeller idling, little difference in the pro-~
gression of the stall on the right and left wings was
noted. At T, = 0.013, however, a greater percentage
of the wing was stalled on the side of the upgoing
propeller blades than on the side of the downgoing
propeller blades for equal angles of attack, The maxi-
mum 1ift coefficient was about 0.05 higher with the
propeller operating at T, = 0,013 than with the
propeller idling.

Stall progressions for two four-engine monoplane
models (airplanes 13 and 1l}) with propellers operating
are shown in figures 12 and 15. The effects of the
propeller slipstream on the stalling characteristics of
airplane 1% may be obtained by comparing flgures 6
and 12, Propeller operation (T, = 0.30) cleaned up the
areas of separation behind the nacelles so that the
outboard wing sections were stalled at Cp whereas

max

the inboard wing sections were unstalled., This condi-
tion may result in handling difficulties near the stall
owing to a probable loss in aileron effectiveness and
damping in roll, PFlight tests of alrplane 13 with
power on and flaps retracted, however, resulted in
stalls characterized by a relatively slow roll-off and
small angle nf roll. The development of the rolling
instability was gradual and the roll could be stopped
immediately by a reduction in angle of attack. These
stalling characteristics, as measured in flight, can
probably be explained by reference to figure 12 which
shows that, for all angles of attack, the stalled areas
on the right and left wing surfaces are very nearly
equal; the development of any rolling motion would
therefore be gradual. ‘

The effects of the propeller slipstream on the
maximum 1ift and stalling characteristics of alrplane 1L
with landing flaps retracted and deflected 559 are shown
in figure 13. Comparison of figure 13 with figure 7,
which gives stall progressions for airplane 1), with
the propeller removed, indicates that 1in this case
the stall progressions were not altered appreciably
at the low values of T, (T, = 0.05 with flaps retracted

and T, = 0,09 with flaps deflgcted), although the
maximud 1ift coefficients were increased from 1.3%2 to 1.38
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with flaps retracted and from 2.08 to 2.17 with flaps
deflected. 1Increasing the thrust coefficients to 0.13
with flaps retracted and to 0,15 with flaps deflected
decreased the percentage of the wing area behind the
propeller that was stalled at the lower thrust coeffi-
cients and further increased the maximum 1ift coeffi-
cients to 1.53 with flaps retracted and to 2.28 with flaps
deflected.

Wing Surface Roughness and Leakage

Because of increased armament requirements, wings
of present-day military airplanes rmust be equipped with
numerous access doors, inspection plates, gun ports,
ammunition-e jection slots, and many other items that
tend to make the wings extremely rough and to allow air
leakage through the wings. In several cases it has been
found that the CLPaX' may be increased appreciably by

relatively simple modifications of the wings. In order
to show the extent to which wing roughness and air
leakage affect the meximum 1ift coefficient of an air-
plane, data are presented in figures 1l to 16 for three
present-day military airplanes (airplanes 6, 5, and 1).
The data include 1lift measurements with the wings 1n the
service condition and with the wings faired and sealed
in attempts to Iincrease the maximum 1ift coefficlients of
these airplanes.

The maximum 1ift coefficients obtained for air-
plane 6 with *the wing in service condition and with
the wing completely faired and sealed are compared in
figure 1. As shown by the photographs included in
figure 1lli, the service wing has an exceptionally large
nunber of cover plates, access doors, and construction
irregularities. In addition, a rough walkway projects
more than 1/8 inch from the wing surface and the wing
fold line leaves a large gap in the wing. The maximum
1ift coefficlient was only 1.17 for this airplane with
the wing in the service condition, When the wing was
faired and sealed by masking tape, as shown in fig-

ure 1ili,the CLm was increased to 1.26. The tape

ax
seals eliminated leakage through the wing; nevertheless,
the wing was not smooth and the CLmax

remained
- relatively low,

CONFIDENTIAL



NACA ACR No. I5C2ly CONFIDENTIAL 13

~ The effects of surface roughness on the maximun
1ift coefficient of airplane 5 are shown in figure 15.
A fillet was installed at the wing-fuselage Jjuncture
of this airplane to eliminate the sharp break along the
juncture, but the increase in CLméx was only 0,05.

Sealing the wing access doors and the fold line further
increased the Cp . by 0.06. It is noted that the

variation of airfoill section from the root to the tip

of the wing of this airplane is nearly similar to that

of airplane 6; the maximum lift coefficients obtained for
airplane 5 in the service condition and with the wing
faired and sealed, however, are about 0.10 higher than
the corresponding coefficients for airplane 6. This
difference is attributed chiefly to the fact that the
wing of airplane 5 was aerodynamically "cleaner" than

the wing of airplane 6.

Stall progressions, in addition to lift-coefficient
data, are given in figure 16 to show the effects of
surface roughness on airplane 1, which has a low-drag
wing, The wing of this airplane is exceptionally clean
aerodynamically inasmuch as the few access doors and
cover plates are set smoothly into the wing with no
apparent breaks in the wing contour. The maximum 1ift
coefficient of 1.l for the faired and sealed condition
and of 1.0 for the service wing are higher than those
obtained for airplanes 5 and 6. The stall patterns
show that the stalled areas of the faired and sealed
wing were always slightly less, at corresponding angles
of attack, than the stalled areas of the service wing.

Wing Leadlng~Edge Appendages

Armament.- The results of an investigation to
determine the effects on maximum 1ift coefficient of
various machine-gun and cannon installations on the
wing of airplane 11 are given in reference 8. The
results of these tests are summarized in figures 17
and 18. The Cliyax  OF 2.00 for the airplane with

bare wings and landing flaps deflected was used as a
reference value for estimating the effects of the
various machine-gun and cannon installations.

The smallest reduétion in CLm was measured
ax

with the machine guns mounted in the flush position
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(fig. 17). The CLh with four flush guns mounted

ax
in the high position (fig. 19) was only slightly lower
than the reference value, whereas the CLmax was

decreased 0,06 below the reference value wlth the flush
-guns in the low position (fig. 20). The lowest value
of CLyex  (1.86) was measured with the 2-inch barrel
extension (fig. 21). The combination of 10-inch barrel
extension and low flush-gun mounting falrings and
breech fairings (fig. 22) decreased the CLmax by 0.09.

With these falrings removed, the CLm was reduced
a}; .

0.13 below the refersnce walue, The GLmax was 1.91

with the 18-inch barrel extension (fig. 23). It is
possible that, with the 18-inch extension, the dis-
turbances caused by the ends of the gun barrels passed
over the wings and resulted in a smaller loss of CLm
ax

than with the 2-inch and 10-inch extensions,

Three 20-millimeter-cannon installations were
tested on airnlane 11 and included the underslung wing
cannon shown as installation 1 (fig. 2L), a modification
designated cannon installation 2, and the completely
submerged installation (fig. 25). The results of these
tests (fig. 138) show that the highest CL, (1.96)

was measured for the submerged installation. The maxi-
mum 1ift coefficient was 1.91 for underslung installa-
tion 1. Installetion 1 was then modified to installa-
tion 2 by decreasing the width of the section near the
leading edge of the wing and thereby reducing the abrupt
pressure change at the front of the cannon fairing. The
maximum 1ift coefficient was 1.95 for cannon installa-
tion 2.

The effect of installing a 37-millimeter-cannon
mock-up at the leading edge of each wing of airplane l,
which has low~drag airfoil sections, is shown in fig-
ure 26, Observations were made with the tufts on only
the left wing. The results of these tests showed that
the cannon installation caused premature wing stall which
resulted in a reduction of 0,13% in CLnax and of

about 3° in the angle of maximum 1ift. The adverss
effects of mounting a cannon on a wing may be reduced
by installing a fairing at the wing-cannon juncture to
insure smooth air flow over the wing section directly
behind the cannon.

CONFIDENTIAT
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Two mock-ups of 20-millimeter cannon were tested
on both witigs of airplanes 5, 6, and 1 to determine the

effects on Cr ;s the results of these tests and
~“max

sketches showing the cannon installations are given

in figure 27. The largest reduction in Clpax due to

the cannon installations was mesasured for alrplane 5,
which had no fairing at the wing-cannon juncture, For
this case, CLmax was reduced from 1.77 for the bare

wing with flaps deflected to 1.71 for the wing with the
four cannon mock-ups installed. The cannon installation
on airplane 1, which has a low-drag wing, caused a
reduction of only 0,02 in CLmax’ The sketches in

figure 27 show clearly that the cannons were faired
smoothly into the wing of this airplane so that no
abrupt changes occurred at the wing-cannon juncture.

The effect on the Clyax ©F Wing gun ports on

airplane 1 (fig. 28) is given in figure 29. Sealing

the gun ports with aluminum cover plates (fig. 28(a))
increased the Clpax of the airplane from 1.23 to 1.39.
A é-inch hole was drilled in the cover plates to allow
for firing the machine guns and the resulbtant maximum
1ift coefficient was 0.09 higher than with the gun
ports open.

Leading-cdge tip slats.- The installation of
leading=-edge tip slats on a wing provides a method for
improving the air flow over the outer wing sections of
airplanes subject to tip stall., The leading-edge slats,
however, are effective only 1f they increase the stalling
angle of attack of the tip sections of the wing to a
higher wvalue than that of the root sections. Special
care should be taken in the detall design of wing tip
slats inasmuch as several cases have been noted in
which their installation has resulted in adverse effects
on the air flow over the wing sections behind the slats.
On airplane 7, for example, extending the original
leading-edge slats resulted in premature stalling of
the wing directly behind the slats (fig. 30). As
originally tested, the construction of the slat trailing
edge on this alirplane required a depression in the wing
to maintain the desired wing-section contour when the
slat was retracted. (Sees fig. %0.) 1In addition, the

CONFIDANTIAL
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slot entry was of poor aerodynamic design, so that the
air flow was not smooth, even at the slot entry. In
order to improve the stalling characteristics of this
airplane with the slat extended, the depression in the
wing into which the slat trailing edge retracted was
eliminated by fairing into the wing contour and the
slat was moved to a higher position as shown in fig-
ure 30, With the modified slat extended, a substantial
improvement in the alr flow over the wing was observed,
especially in the region of the ailerons; the maximum
1ift coefficlient, however, was not materially affected
(fig. 30)., Results of aileron-efrectiveness tests
(fig. 31) showed that the modified slat installation
increased the slopes of the curves of rolling-moment
coefficient against alleron deflection at high angles
of attack over that measured for the original slat
installation.

Tests of airplane 9 showed that a condition of
longitudinal instability existed at high 1ift coeffi-
cients either with the original fixed slats attached to
the airplane cor with the slats removed. In an attempt
to improve tre longitudinal stability of the airplane
at high 1ift coefficients, the original slat was raised
slightly and moved closer to the wing leading edge to
permit smoother air flow at the slot entry. Further tests
were made in which the original slat span was Ilncreased
from 20 to 3%36.6 percent of the wing span with the slat
in the modified position. Stall progressions with the
original slats, with the slats in the modified position,
and with the extended slats are given in figure 32 with
sketches of the original and modified slats. Stall
progressions for the airplane with the slats removed
are given in figure 5. The results of the stall studies
show that each slat modification successively improved
the air flow over the outer sections of the wing.

The effects of the slat modifications on the vari-~
ation of (C, with Cr and on the CLhl of alrplane 9
max

are shown in figure 33. The extended slats in the
modified position eliminated the longitudinal insta-
bility near the stall and in addition increased the
maximum 1ift coefficient to 1.26 from 1.15 for the
airplane with the slats removed. Although the tests
with the original slats in the modified position were
made at a slightly higher tunnel speed, 1t is fairly
evident that this slat installation decreased the
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longitudinal instability at high 1ift coefficients and
alsc increased the maximum 1ift coefficient of the
airplane.

Wing ducts.- Considerable difficulty is usually
encountered in the design of the shaps and location of
wing=duct inlets owing to the critical nature of the
flow at the leading edge of a wing. In general, if the
inlet is placed too high on the wing leading edge, the
internal flow separates from the lower 1lip of the duct
inlet at moderate angles of attack whereas the external
flow separates over the vpprer lip of the duct inlet at
high angles of attack and thereby induces a premature
stall and a low value of CLmax' If the inlet is placed

too low, the external flow separates at low angles of
attack from the upper lip just within the inlet and thus
causss serious losses of total pressure.

A study of several ducts installed in the wings of
a full-scale mock-up of a conventional single-engine
pursuit airplane (airplane 16) was made in the ILangley full-
scale tunnel to determine the influence of inlet design
on the pressure losses within the duct and on the aero-
dynamic characteristics of the airplane. The results of
some of these tests, which are reported in reference 9,
are given in figures 34 to 36, The inlet profiles, which
are shown in figures 3l and 36, are numbered in accordance
with the inlet designations given in reference 9. The
effect of inlet size and shape on the maximum 1lift coef-
ficient of the airplane is shown in figure 3l and the
effect of 1ift ccefficient on the average total pressure
at the front of the radiator behind these same three
inlets is given in figure 35. 1Inasmuch as the inlet
areas were not equal for all the ducts, the inlet-
velocity ratios were unequal at any particular 1lift
coefficient; it is believed, however, that this difference
will not detract from the general conclusions drawn
from the results. The highest CLmax was cobtained with

inlet 5 installed on both wings, but the total-pressure
recovery at the heat exchanger behind this inlet dropped
off very rapidly above a 1ift coefficient of 0.L. For
this inlet, the diffuser and the plane of the inlet
opening were inclined farther downward from the wing
chord line than for inlets 2 and li. Inlet L gave the
best over-all total-pressure recovery at the heat
exchanger; the maximum 1ift coefficient with this inlet
installed on both wings, howsver, was 0.07 lower than for

CCNFIDENTTAL



18 CONFIDENTTIAL NACA ACR No. L5c2l

inlet 5. The lowest CLma and over-all total-pressure
X .

recovery was measured for inlet 2,  for -which the diffuser
and the plane of the inlet opening were most nearly
parallel and psrpendicular, respectively, to the wing
cherd line. Reference 9 shows that, of the inlets
tested, the one giving the best compromise between high
pressure recoveries at the heat exchanger and
satisfactory maximum-1ift characteristics of the ducted
wing had an upper lip with a large leading-~edge radius
conforming approximately to the contour of the original
wing, a lower lip cut back to. turn the inlet plane
downward 70° to the chord line, and a diffuser inclined
approximately 109 to the wing chord line.

Stall progressions and 1ift data are given in fig-
ure 36 for thres very dissimilar dvct inlets located in
the left wing of airplane 14. These results further
emphasize the effects on maximum 1ift coefficient of
lip position, leading-edge radius, and diffuser inclina-

tion. The highest GLmax (1L.37) was obtained for

inlet 7, which has the diffuser inclined downward 11°
to the chord line and a large upner-lip leading-edge
radius. The maximum 1ift coefficient was only 1.2

for inlet 1, for which the plane of the inlet opening
was verpendicular to the wing chord line. Tnlet 6 was
fitted with a flaoped lower 1lip that could be adjusted
to vrovide smooth entry of the air flow Into the duct
over a wide range of angle of attack; for this case,
however, the CLmax was still low (1l.22), probably

because of the sharp leading-edge radius of the upper
1lip. ‘

The effects of the location of wing-duct outlets
on the maximum 1ift and stall of airplane 16 are shown
in figure 37. The maximum 1ift coefficient of the air-
plane was 0.07 less with the outlet at the bottom of the
wing than with the outlet at the top of the wing. A
wing-duct outlet located on the upper surface of a wing
has an advantage over a bottom outlet, other than giving
a higher maximum 1ift coefficient, inasmuch as the
quantity of alr flowing through the duct automatically
tends to be adjusted with angle of attack because of
the relative increase with 1ift coefficient of the
negative pressure at the outlet.
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Total=-pressure measurements in the wing ducts of
airplane 2 with propeller operating showed that the
flow separated from the lower lip of the inlet of the
left duct, especially in the climbing condition, This
separation was probably due to the slipstream rotation,
which increased the effective angle of attack at the
left duct inlet behind the up oing propeller blades.

In addition, the inlet-velocity ratios were too high
and caused separation of the internal flow. In order
to remedy these difficulties, the inlet areas of both
ducts were increased and the plane of the 1inlet opening
of the left duct was increased from 1L° to 29° as shown
in figure 38, The effects of these modifications on
the maximum 1ift coefficient of the airplane with the
propeller removed and with landing flaps and duct exit
flaps retracted and deflected are also shown in fig-
ure 38, With the landing flaps and duct exit flaps
retracted, the CLm was increased from 1,10 for the

original duct installation to 1.26 for the modified
ducts., With the 1and1n§ flaps extended 150 and duct
exit flaps deflected Lj1°, the Ol , Was increased

from 1,30 to 1.L3.

Airspeed heads.- The effect on the alr flow over
the wings of placing alirspeed heads at the leading cdges
of the wings of two airplanes (airplanes 17 and 5) 1is
shown in figure 39. The airspeed head on alrplane 17
was located directly at the wing leading edge and
resulted in a premature stall over the section of the
wing behind the head. No effect on the flow over the
wing was observed for the airspesed-head installation
on airplane 5., This airspeed head was located on the
lower surface of the wing and extended forward below
the wing leading edge.

Comparison of Split and Slotted Plaps

An analysls was made of the increments of lift
coefficient contributed by split and slotted flaps
when installed on airplanes to ascertain whether these
values could be predicted from results of tests in
two-dimensional flow. Measured values of ACLf

CONFIDEWTIAL



20 CONFIDENTTAT, NWACA ACR No. L5¢2L

obtained from tests of flaps installed on the airplanes
and corresponding values of SCLf computed from avallable

two-dimensional data for similar flaps installed on
smooth wings are compared in figures L0 and [j1. The

1ift increments due to the flaps have been taken at

about 3° below the stalling angle of the wing with

flaps retracted or deflected (whichever gave the lower
values), inasmuch as these values have been found to be
relatively independent of test conditions such as
Reynolds number and wind-tunnel turbulence (reference 10).
For comparison, the two-dimensional 1ift data have been
evaluated for partial-span flaps by the methods presented
in reference 11.

The measured values of ACLf for the split-flap

installations showed good agreement in every case with

the values computed from two-dimensional data. For the
slotted~-{lap installations, however, the measured values
were, on the average, about 20 percent lower than the
calculated values. The reason for the low values of ACLf

obtained for the slotted-Tlap installations is probably
ths difficultiss encountered by manufacturers in
producing slot shaves of efficient asrodynamic design.
Tests of an NACA 23012 airfoil equiovped with wvarious
arrangements of slotted flaps (reference 12) showed
that, in order to obtain high 1ift increments, the nose
of the flap should be located slightly ahead of and
below & slot 1lip that directs the alr downwsrd over the
flap., In addition, in order to obtain low values of
drag at moderate 11t coefficlents, the nose of the
flap should have a good asrodynamic ferm and the slot
entrv should be of such shape that no abrupt uh nge s in
the alr-flow direction occur.

Comparison of Full-Scale-Tunnel and Plight
i <8
Measurements of Crp.
In order to compare wind-tunnel and flight measure-
ments of the maximum 1ift coefficient of an airplane,
several factors must be considered, Previous 1nvest¢ga-

tions (references 13 and lh) hiVE shown that the maximum
1ift coefficients obtalined in tests with changing angle
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of attack were considerably higher than those obtained
in tests in which the forces were msasured with the angle
of attack fixed, The difference is attributed to the

lag in the separation tendency with changing angle of
attack,

Maximumm 1ift coefficlents obtained in flight and in .
wind tunnels should be compared st the same Reynolds
number, For the normal rangs of full-scale-tunnel and
flight Revnolds numbers, the maximum 1ift coefficlents
will increase with Reynolds nuwber. 1In order to show
the magnitude of the Reynolds number effect, the vari-
ation of CLmay with Reynolds number has been plotted

in figure L2 for several of the sirplanes (airplanes 18,
13, L, and 16) and for an NACA 23012 wing. Except for
the case of airplane li, the Olpmax inereased about 0.10

/4
for each increase -of 1 X 10° in Revnolds number. For
airplane li, which has a wing with low-drag airfoil sec-
tions (NACA 66 series ), the increase in GLmax with

Reynolds number was considerably greater.

Propeller operation, even with i1dling power applied,
may &lso appreciably increase the CLm % of an airplane
a

over that measured with the propeller removed, In com-~
praring wind-tunrel and flight measurementa of CLmax

conditions of propeller operation must therefore be
reproduced. The effect of idling propellers on the
maxivum 1ift cosfficlent of two typical pressnt-day
airplanes (airplanss 5 and 2) is shown in Sfigare l3.
The rmeasurements were made in the wind tuuel Dy
comoletely closing the engine throttles and measuring
the forces with the engine idling. Increases of 0.13
and 0,08 in Clpax Cue to the idling propellers were
measured for airplanes 5 and 2, respectivsly,
Pull-scale-tunnsl and flight cdeterminations of the
maximum 1ift cosfficient of arn airplane have been shown
to be in agreement when tests were made under similar
test conditions of Reynolds number, slipstream, and
time rate of change of angle of attack da/dc. As an
example, reference is made to comparative fiight and
full-scale-tunnel measurements of the CLmax of air-

vlane 18 (reference 13)., Special care was taken in
this case to reproduce the flight test conditions in
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3. The addition of fuselages and nacellés to
wings frequently introduces centers of local separation
and may reduce the maximum 1ift coefficient if the wing-

fuselage or wing-nacelles junctures are not adequately
faired.

li. Deflection of the landing flaps generally
tended to "clean up" the inboard sections of a wing
and increased the upwash over the oubter unflapped
portions of the wing.

5. Propeller operation will generally increase
the severity of the stall, especially on single-engine
airplanes, by producing an asymmetrical stall pattern
and by cleaning up the inboard sections of the wings.

6. The maximum 1ift coefficient of an airplane
may be avnpreciably increassed by the elimination of
wing surface roughness and air leakage through the
wings.,

7. The detrimesntal effects of placing machine
guns and cannon at the leading edge of a wling may be
reduced considerably by properly locating the guns in
the wings., Highest maximum 1ift coefficients were
measured for machine-gun installatioens in which the
ends of the barrels were flush with the wing surface
at the leading edge and slightly above the wing chord
line and for cannon installations that were submerged
in the wings.

3. Wing-duct inlets with well-cambered upper
lins vproperly alined with the flow at the leading edge
of the wing will generally cause no reduction in the
maximum 1ift coefficient of an airplane; whereas
substantial decreases in the maximum 1ift coefficient
of an airnlane may be caused by ducts with the inlet
plane verpendicular to the chord line and by inlet
lips with small leading-edge radii.

9. The increments of 1ift coefficient contributed
by split flaps could be computed with sufficient accuracy
by the use of two-dimensional test data; for slotted
flaps, however, the measured increments of 1lift coeffi-
clent were, on the average, about 20 percent lower than
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those calculated from the avallable two-dimensional test
data, These low values for the slottsd flaps are
attributed, mainly, to difficulties encountered by
manufacturers in producing slot shapes of efficient
aerodynamic design.

10, In a single instance where great care was
taken to reproduce the test conditions of Reynolds
number, propeller operation, and the time rate of change
of angle of attack, satisfactory agreement of the
maximum 1ift coefficients determined from full-scale-
tunnel and flight tests was obtained, It is belleved
that equally satisfactory agreement may be obtained with
other alrplanes provided that sufficient care 1s taken to
reproduce the test conditions.

Langley Memoridl Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va.
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Figure 1.- Airplanes and mock-ups.
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{a) Alirpvlane 1 in faired and sealed condition.

(b) Airplane 2 in service condition.

Figure 2.~ Airplanes and mock-ups mounted for
tests in Langley full-scale tunnel.
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(d) Airplane 4; complete mock-up.

Figure 2.- Continued.
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(f) Airplane 6 in service condition.

Figure 2.~ Continued.
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{(g) Airplane 7 in service condition.

(h) Airplane 8; partially faired and sealed.

Figure 2.~ Continued.
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(j) Airplane 10 in service condition.

Figure 2.- Continued.
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(1) Airplane 12 in service condition.

Figure 2.~ Continued.
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(n) Airplane 14; complete mock-up.

Figure 2.~ Continued.
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(o} Airplane 15; complete mock-up.

(p) Airplane 16; complete mock-up.

Figure 2.~ Continued.
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Figure 21.- Two-inch barrel extension ih high position on
left wing. Airplane 11.

Whes:
LBk

Figure 22.- Ten-inch barrel extension in low position on
right wing. Airplane 11.

&

Figure 23.- Eighteen-inch barrel extension in low position
on right wing. Airplane 11.
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Figure 24.- Underslung-cannon installation 1.
Airplane 11.

Figure 25.- Submerged-cannon installation. .
Airplane 11.
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(a) Wing gun cover plates installed.

(b) Wing gun cover plates removed.

Figure 28.- Wing gun ports on airplane 1
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left wing only. Propeller removed; &, 0} amorar.
rest velocity, 60 mpl. Qutlet ar bottom of wing.
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figure 37-L17ect of wing- duct- outlet location” an the stalling characrerisiics
of" aiplane 16. Propeller removed); 4,07 qopror. Fest velocily, 60mph
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airplane Z. Propeller removed; wing quns installed;

apprOX/mate test velocity, 60 mph.

CONFIDENTIAL



NACA ACR No. L5C24 CONFIDENTIAL Fig.

@, dby /3.2

NN Sra/fed
{3 16
N RAN 4
N4 /AN @ A
R A
AN :
N .
N y.) 7(
RN
~ 4 4 / :
0 /0 20 Jo 0 0 20 8 /4
Angle of artack, a, deg
Airplare 17; & , 45 . Airplare 5; §,0;

goorar. fest veloeily, 45 mph CONFIDENTIAL  qgorox /est nelocity, 60 mph

NATIONAL ADVISORY
COMMITIEE FOR AERONAUTICS

Llgure 39-L17ect of airspeed-tead location on stalling characreristies.
Fropellers” removed. |
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Figure 44~ Comparison between rlight and .
full-scale -tunnel measurements of fhe
maximum Ift coefficient of aurplane /.
Full - span flaps.
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